mone-releasing hormone receptor and tumor necrosis factor-α mRNAs were greatly enhanced in immunized but not in positive control mice. By 6 days after viral challenge, OB and HT mRNAs returned towards baseline values. In the lung, mRNA up-regulation was greater than that in the brain and maximized 6 days after challenge. Lung IFNγ mRNA decreased at 24 h but increased 6 days after challenge in the positive compared to negative controls. Immunization prevented the up-regulation of most of the flu-related mRNAs measured in lungs. Conclusion: Collectively, these data suggest a role for OB and HT involvement in immunization protection against influenza infection.
Introduction
Acute viral infections are responsible for much of the infectious illness in the world and they have a tremendous economic and social toll [1] . Remarkably little is known about how such viruses produce systemic symptoms. Of the known respiratory viruses, influenza is probably the most dangerous; its death toll in 1918-1919 has been estimated to >40 million and the 1957 and 1968 pandemics may have killed up to 6 million. In non-pandemic years, influenza routinely kills about 50,000 people in the US and a half million people worldwide, primarily the very young and very old. Mouse-adapted human strains of influenza cause a lethal or sublethal pneumonitis (similar to influenza pneumonia in humans) in the mouse accompanied by early onset of severe systemic symptoms (e.g. weight loss, hypothermia, or excess sleep) [2, 3] . Influenza virus also induces a broad array of cytokines and other immune mediators in infected lung and brain [4] [5] [6] . Influenza virus produces double-stranded (ds) RNA during replication that is recognized by pattern recognition receptors (PRRs) [7] [8] [9] . PRRs in turn induce cytokines [10] [11] [12] [13] . The strain of influenza virus used in this study, H1N1 A/Puerto Rico/8/34 (PR8) is considered incapable of invading the mouse brain, but it localizes to the olfactory bulb (OB) within hours of intranasal infection [5] . Viral RNA and viral antigen expression in the OB are accompanied by cytokine induction within the OB as well as the hypothalamus (HT). Cytokines are well characterized for their role in triggering the acute-phase response (APR). Interestingly, if the olfactory tract is severed, the onset of APR is delayed [14] .
PR8 invades the OB 1-2 days before the onset of influenza APR symptoms in the mouse model used in our studies. Influenza is thought to enter the CNS by retrograde travel via peripheral nervous system axons (e.g., the vagus nerve) and cranial nerves innervating the OB following intranasal inoculation [15] [16] [17] . Consequently, the now widely used method of intranasal influenza immunization with live-attenuated influenza virus (LAIV) provides a plausible route of neuro-invasion. However, in our mouse model it is unknown whether prior immunization blocks influenza virus OB localization; we report herein that it does not 24 h after viral challenge but greatly attenuates viral OB localization 6 days after inoculation. Nevertheless, we demonstrate that immunization is associated with virus-induced changes in OB and HT mRNAs of multiple substances involved in the immune response suggesting a role for these brain areas in immunization protection against influenza virus.
Materials and Methods

General Procedures
Virus Purification and Titration A mouse-adapted strain of influenza, H1N1 A/Puerto Rico/8/34 H1N1 (PR8) (lot No. 3X010621) suspended in pyrogen-free allantoic fluid (Specific Pathogen-Free Avian Supply, North Franklin, Conn., USA) was purified by sucrose gradient sedimentation by ultracentrifugation as previously described [18] . The virus was diluted to a protein concentration of 200 μg/ml, aliquoted, frozen on dry ice, and stored at -80 ° C. A standard hemagglutination assay with 2-fold dilutions of purified PR8 (10 μl) mixed with 50 μl chicken red blood cells and incubated at room temperature for 30 min yielded 1 × 10 7 virus particles/ml. Samples were tested for endotoxin levels by the Limulus lysate gel clot assay (Biowhittaker, Walkersville, Md., USA) and no endotoxin was detected. Additionally, the purified virus tested negative for mycoplasma and acholeplasma contamination by nested PCR (nPCR; American Type Culture Collection, Manassas, Va., USA) as previously described [19] . In Madin-Darby canine kidney (MDCK) cells, viral titrations were assessed and expressed as median tissue culture infectious doses (TCID 50 ) as previously described [18] . The starting titer of purified PR8 virus was 5 × 10 4 TCID 50 /μl.
Mice
Male C57BL/6J mice (n = 117) were obtained from Jackson Laboratories (Bar Harbor, Me., USA). Mice were housed in plastic filter top cages and maintained at 23-24 ° C on a 12-hour light-dark cycle. All mice were provided food and water ad libitum. Mice were 12-14 weeks old at the start of experiments. All mouse procedures were approved by the Washington State University Animal Care and Use Committee and conformed to National Institutes of Health guidelines.
Virus Administration
The concentrations of PR8 and heat-inactivated (HI; 100 ° C, 25 min) PR8 used for each experiment are described below. At light onset, mice were anesthetized briefly using 20% isoflurane/80% polyethylene glycol anesthesia [19] , then intranasally instilled with 25 μl of live PR8 or HI PR8 in Dulbecco's phosphate-buffered saline (DPBS; Sigma-Aldrich) in each nostril, for a total inoculum of 50 μl.
Tissue Collection Mice were anesthetized with isoflurane and blood was collected via terminal cardiac puncture. Blood was placed in tubes containing ethylenediaminetetraacetic acid (EDTA), centrifuged at 1,000 g for 20 min and the plasma was saved. Lungs were collected, the brains were removed, and OB and HT were dissected as previously described [19, 20] . Tissue and plasma were flash-frozen in liquid nitrogen and stored at -80 ° C until analyzed.
Experimental Protocols
Determination of Immunization Dose Five groups of mice (n = 4-5 per group) were intranasally inoculated with DPBS as control, or 50, 10, 5, or 1 TCID 50 dilutions of PR8 to determine the minimal dosage of PR8 to induce alterations in the APR. Mice were weighed on the day of immunization and every 2 days at light onset for 20 days after immunization. By day 8, the 50, 10, and 5 TCID 50 dose groups showed weight loss (data not shown). The 5 TCID 50 immunization dose was used because on day 8, but not on other days after challenge, there was a detectable small weight reduction. The 1 TCID 50 dose failed to induce any body temperature change. In subsequent studies, mice were hyperimmunized 5 weeks after the first immunization using the 5 TCID 50 dose of live virus. The mice were then used for APR and molecular studies 5 weeks after the second immunization injection.
Virus Concentration Necessary to Enter OB Twenty immunologically naïve mice (i.e., no previous exposure to PR8; n = 5/group) were intranasally inoculated with 50 4 TCID 50 PR8 serving as a control to determine the minimal virus concentration necessary to enter the OB. Mice were sacrificed 24 h after virus challenge. OBs were analyzed by nPCR for PR8 minus and plus nucleoprotein (NP) RNA presence as previously described [5] . Briefly, tissues were homogenized and RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, Calif., USA) according to the manufacturer's instructions. OB tissue cDNA was synthesized and then amplified using primers for the minus (genomic viral RNA) and plus strands (replication intermediates) of the PR8 NP gene. Primer sequences are shown in table 1 . nPCR (NP) RNA products were visualized on Tris/borate/EDTA 1% agarose gels and (NP) RNA-specific bands migrated as 450-bp products.
Core Body Temperatures and Body Weights after Viral Challenge Fourteen mice (n = 4-6/group) were anesthetized with intraperitoneal injection of ketamine/xylazine (87/13 mg/kg) and surgically provided with small intraperitoneal transponders (TAEmitters<, Mini Mitter, Bend, Oreg., USA) and then placed on top of receiver plates in individual filter top cages as previously described [14] . After surgery, mice were allowed 2 weeks of recovery time prior to experimentation. Then, the immunologically naïve negative and positive control mice were intranasally inoculated with DPBS. The immunized mice received 5 TCID 50 PR8 and then a second immunization challenge 5 weeks later. Five weeks after hyperinoculations or in separate groups of mice used for positive or negative control injections, baseline measurements were taken for 2 days. Core body temperature and locomotor activity data were collected in 6-min intervals, averaged over 2 h, and processed with the VitalView analysis software (Mini Mitter). Mice were then challenged with either live PR8 (2.5 × 10 4 TCID 50 ; positive control and immunized mice) or the same dose of HI PR8 (negative control) at light onset and were then monitored for 12 days after virus challenge to determine the effect of immunization on APR. In addition, baseline body weight was taken at light onset and daily for 12 days after virus challenge.
PR8 Antibodies and Molecular Expression in the Brain and Lung Three groups of mice (n = 20/group; negative control, positive control and immunized mice) were treated as above but without the implantation of transponders, and tissues used for antibody and molecular determinations were collected 24 h or 6 days after virus challenge (10 mice/group sacrificed at each time point). However, 5 mice were used for influenza virus detection in the OB 6 days after virus challenge due to sample loss.
Anti-PR8 Determination A plaque assay based on a study by Bachmann et al. [21] was used to determine antibodies specific to PR8. Briefly, plasma was treated at 56 ° C for 30 min to inhibit complement, diluted 1: 20, and then incubated with 50 TCID 50 PR8 for 1 h. MDCK cell monolayers in 6-well tissue culture plates were inoculated with 200 μl of a virus/serum mixture, virus only, or no virus (i.e. saline) and incubated for 1 h (37 ° C, 5% CO 2 ) to allow cell attachment. A soft agar/medium suspension was layered over the wells and allowed to solidify, and cells were incubated for 3 days (37 ° C with 5% CO 2 ). The soft agar was then removed and the cells were stained with 1% crystal violet/70% methanol for 20 min, and then washed under water until clear. Plaques in the wells were counted in duplicate on wells under illumination (713 lx) by an investigator blinded to the treatments. Inter-rater reliability was tested by blindly counting the same randomly selected plates (r = 0.888, p = 0.018).
RNA Determination OB, HT, and lung tissues were taken 24 h and 6 days after infection challenge from each group and were processed and treated for determining the presence of minus and plus strand PR8 (NP) RNA using nPCR as described [5] . OB, HT, and lung tissue from each group were also analyzed for mRNA levels of murine genes known to be affected by influenza virus. Cyclophilin A, 2 ′ ,5 ′ -oligoadenylate synthetase (OAS-1a), myxovirus resistance-1 (Mx1), interferon (IFN) γ, toll-like receptor (TLR) 3, TLR7, melanoma differentiation associated gene-5 (MDA-5), retinoic acid-inducible gene-1 (RIG-1), tumor necrosis factor (TNF) α, interleukin (IL) 1β, and growth hormone-releasing hormone receptor (GHRHR) mRNA levels were measured by RT-PCR as previously described [22] . The primers used are shown in table 1 . RNA was extracted, and cDNA was prepared and analyzed as previously described [19, 20] . Cyclophilin A mRNA was used to compare the expression of mRNAs and these data were analyzed by the ΔC t method as described previously [22] . 
Statistics
Core body temperature and activity data were analyzed with univariate and mixed 2-way analysis of variance measures to determine significant time, treatment, and group differences. If main effects were found, post hoc analyses were used and those values are reported. Plaque formation numbers and mRNA data were analyzed between treatment groups using independent t test analysis. Significance was set at p < 0.05.
Results
Virus Concentration Necessary to Enter OB
Neither viral minus nor plus strand (NP) RNA was present in the OB of mice inoculated with HI 2.5 × 10 4 TCID 50 PR8 ( table 2 ); this result is consistent with prior findings [5] . After the lower live virus doses (50 TCID 50 and 2.5 × 10 3 TCID 50 ), viral NP RNA was also not detectable in the OB. However, virus minus and plus strand (NP) RNAs were detected in the OB of mice given the 2.5 × 10 4 TCID 50 dose of PR8 ( table 2 ) . A 2.5 × 10 4 TCID 50 viral dose was used in further experiments; this dose is about one hundredth the doses we used in prior studies [5, 19] .
Acute Phase Responses to Live and Heat-Inactivated Virus
Immunologically naïve mice challenged with 2.5 × 10 4 TCID 50 PR8 (positive controls) had significantly lower core body temperatures following virus challenge compared to baseline values [time: F (1, 13) = 36.034, p < 0.001; fig. 1 a) . In contrast, the body weight of the negative controls and the virus-challenged immunized mice did not change significantly ( fig. 1 a) .
Plaque Assay for Antibodies Specific to PR8
The plaque assay indicated that immunized mice had PR8-specific antibodies in their plasma ( fig. 2 ) . MDCK cells not exposed to virus had no plaques while MDCK cells exposed to virus had greater numbers of plaques [t ( 
Viral NP Minus and Plus RNA Occurrence in the OB and Lung
Neither minus nor plus viral NP RNA was found in the OB or lung of the negative control mice 24 h after viral challenge ( table 3 ) . In contrast, in the positive control mice, the minus NP RNA, but not the plus NP RNA, was present in the OB of 8 of the 10 animals tested. In the lung, all the immunized and positive control mice had both minus and plus viral NP RNA 24 h after viral challenge. In immunized mice, minus NP RNA, but not plus strands, was found in the OB within 24 h of challenge. In the lung of immunized mice, most of the mice had both minus and plus NP RNA strands 24 h after viral challenge. By day 6 after viral challenge, the occurrence of NP RNA was similar to that found after 24 h with the exception of the im- Plaque assay for the detection of antibodies specific to PR8. Plaque numbers for each treatment group are presented as means ± SE (n = 10/group). No plaques were formed on the MDCK monolayer when no virus was applied. PR8 induced plaque formation if only virus was applied (i.e. no plasma). Significantly fewer plaques were formed when plasma from immunized mice was applied to the MDCK monolayer compared to when plasma from the other treatment groups was used, indicating the presence of PR8-specific antibodies in the immunized mice. Similar numbers of plaques were found in negative and positive control groups suggesting that plasma from both groups lacked anti-PR8 antibodies. * p < 0.05 vs. MDCK monolayers without virus applied, a p < 0.05 vs. positive control mice. 328 munized mice. On day 6, only minus NP RNA was detected in only 1 mouse, and none of the mice had the plus strand, in the OB suggesting that immunization greatly attenuated OB viral localization. Six days after challenge, only a few of the immunized mice possessed viral NP RNA strands in the lung ( table 3 ) .
mRNA Expression in the OB, HT, and lung 24 h after Viral
Challenge OB The changes in OB mRNA levels 24 h after viral challenge were all below 5-fold except for IFNγ ( fig. 3 ). TLR7 mRNA levels were greater in positive compared to nega- Fig. 3 . Virus-related cytokines in the OB, HT and lung 24 h and 6 days after viral challenge. Influenza virus induced small enhancements of most cytokine mRNAs in the OB ( a ) of the positive control mice 24 h after viral challenge. Immunization had little effect on altering mRNA levels in the OB after viral challenge with the exception of IFNγ and TLR7 mRNAs. In the HT ( b ), the influenzainduced enhancement of TLR7 was attenuated with immunization, although Mx1, TNFα, and GHRHR mRNA levels were enhanced. In the lung ( c ), immunization inhibited PR8-induced elevations in most of the mRNAs measured; this effect was more pronounced 6 days after viral challenge. The largest mRNA effect in the OB 24 h after viral challenge occurred with IFNγ. IFNγ mRNA levels were increased by about 10-fold in positive compared to negative control mice [t (1, 17) = 3.291, p = 0.004]. IFNγ mRNA levels in immunized mice were significantly lower than in positive controls [t (1, 18) = 3.255, p = 0.004]. IFNγ mRNAs were not significantly different between immunized mice and negative controls. In the OB 24 h after challenge, IL1β, and TNFα mRNA levels were similar in all 3 groups. The immunized group exhibited slightly lower IL1β mRNA levels compared to the positive control group [t (1, 18) = 2.148, p = 0.046], but in the positive control group they were higher than in the negative control group [t (1, 15) = 2.927, p = 0.015]. OAS-1a and Mx1 mRNA responses were less in magnitude but were greater in the positive control group compared to the negative control group [t (1, 16) = 3.886, p = 0.004; t (1, 15) = 3.807, p = 0.002, respectively]. The immunized group also had greater OAS-1a and Mx1 mRNA levels compared to negative controls [t (1, 15) = 7.143, p < 0.001; t (1, 17) = 5.072 , p < 0.001, respectively], although OAS-1a and Mx1 mRNA levels were similar to the positive control group. GHRHR mRNA levels were not significantly different between any treatment groups.
HT Changes in HT TLR3, TLR7, RIG-1, Mx1, and IFNγ mRNAs were all small, 2-fold or less, 24 h after challenge. In immunized mice, HT mRNA levels of TLR3, IFNγ and Mx1 were significantly higher than in the negative control group [t (1, 17) = 2.612, p = 0.02; t (1, 17) = 2.739, p = 0.02; t (1, 18) = 3.017, p < 0.01, respectively]. Further, TLR3 and TLR7 mRNA expression was up-regulated and RIG-1 mRNA was down-regulated in the positive versus negative control group [t (1, 18) = 2.414, p = 0.027; t (1, 17) = 3.758, p < 0.001; t (1, 18) = 3.334, p = 0.005, respectively] and immunization blocked the upregulation of TRL7 mRNA and the down-regulation of RIG-1 mRNA ( fig. 3 ) . HT MDA-5 and OAS-1a mRNAs 24 h after viral challenge were similar between groups. In contrast, HT IL1β and TNFα mRNA levels were greater in positive versus negative controls [t (1, 18) mRNA Expression in the OB, HT and Lung 6 days after Viral Challenge OB Similarly to day 1, overall mRNA levels in the OB 6 days after viral challenge are limited to less than 5-fold changes compared to baseline ( fig. 3 ) . The most prominent changes were the greater levels of OAS-1a mRNA in positive compared to negative control mice [t (1, 6) 
HT
The changes in HT mRNAs 6 days after viral challenge were all under 2-fold ( fig. 3 ) . Nevertheless, some of the differences were significant, TLR3, TLR7, MDA-5, RIG-1, OAS-1a, Mx1, IL1β, and TNFα mRNAs were all higher in the positive than the negative control mice [t (1, 16) 
Lung
The largest changes in mRNA expression found in this study were evident in the lung of positive control mice 6 days after challenge. Every mRNA determined was significantly greater (about 10-fold or higher) in the positive than in the negative control mice [TLR3, TLR7, MDA-5, RIG-1, OAS-1a, Mx1, IFNγ, IL1β, and TNFα; t (1, 17) = 8.168, p < 0.001; t (1, 17) = 6.363, p < 0.001; t (1, 17) = 6.274, p < 0.001; t (1, 17) = 7.424, p < 0.001; t (1, 18) = 9.799, p < 0.001; t (1, 17) = 6.782, p < 0.001; t (1, 17) = 12.986, p < 0.001; t (1, 18) = 8.875, p < 0.001; t (1, 18) = 8.642, p < 0.001, respectively]. Further, immunization blocked up-regulation of mRNA expression [t (1, 16) = 7.288, p < 0.001; t (1, 16) = 5.699, p < 0.001; t (1, 16) = 5.860, p < 0.001; t (1, 16) = 6.702, p < 0.001; t (1, 16) = 8.527, p < 0.001; t (1, 16) = 6.301, p < 0.001; t (1, 16) = 11.988, p < 0.001; t (1, 17) = 7.803, p < 0.001; t (1, 16) = 7.140, p < 0.001, respectively]. In the lung, 6 days after viral challenge, OAS-1a, Mx1, IFNγ, and TNFα mRNAs were increased in the immunized mice relative to the negative control mice [t (1, 17) = 2.444, p < 0.001; t (1, 16) = 2.699, p = 0.02; t (1, 16) = 2.909, p = 0.022; t (1, 17) = 4.057, p < 0.001, respectively; fig. 3 ].
Discussion
Our major finding is that immunization of mice failed to prevent homologous influenza virus from invading the OB within 24 h of intranasal viral challenge as determined by the presence of viral genomic (minus) RNA although it almost completely blocked OB viral presence 6 days after inoculation. The occurrence of virus in the OB 24 h after inoculation is consistent with prior findings of influenza invading the OB within just a few hours of viral challenge [5] , although we now show that virus is found in the OB after much lower virus doses. In addition, current results indicate that virus is present in the OB of positive control mice 6 days after inoculation. Although this might suggest viral replication within the OB, it seems more probable that the virus continuously replicates over the course of several days within the nasal epithelium and then is transported to the OB. Immunization attenuated this process because both minus and plus viral RNA detection was substantially lower in immunized mice than in the positive controls 6 days after viral challenge ( table 3 ) . Immunization also prevented the hypothermia and weight loss associated with the APR to influenza and influenza-induced mortality, as previously shown by others [23, 24] . Further, as discussed below, immunization had profound effects on the expression of several mRNAs within the brain and lung. Other viruses also localize to the OB. For instance, a closely related virus to H1N1 -the highly pathogenic H5N1 influenza (i.e., H5N1 avian influenza), enters the CNS of mice around 7 days after intranasal inoculation [25] . Parainfluenza virus also penetrates the OB of mice and its viral RNA is present in olfactory glomeruli after intranasal inoculation [26] . Whether OB localization of viral RNA or DNA modifies immunization outcomes remains unknown. Regardless, current results suggest that immunization does not affect viral transport to the OB within 24 h of viral challenge. However, immunization attenuates OB virus localization over the multiple day time course of the infection.
IFNγ mRNA is substantially up-regulated in the OB within 24 h of viral challenge and this response is almost completely attenuated in immunized mice. These results clearly indicate that immunization affects OB production of molecules known for their involvement in host defense against viruses [27] . Further, they suggest that OB IFNγ is involved in the initiation of the morbidity associated with the APR but not maintenance of the APR since the OB IFNγ mRNA response is absent by 6 days after inoculation.
Influenza virion particles contain negative-sense single-stranded (ss) RNA as their genomic RNA and positive sense strands are synthesized during replication, forming viral dsRNA that is recognized by the PRRs such as TLR3, MDA-5, and RIG-1. These actions lead to pro-inflammatory cytokine production and activation [28] . Mice lacking TLR3 have attenuated APR sickness behavior responses to PR8 influenza infection indicating a role of PRRs in influenza pathogenesis [29] . Immunization did not block influenza-induced OB up-regulation of TLR3, MDA-5, and RIG-1 mRNAs, suggesting these dsRNA receptors retain a role in host defense after immunization. In contrast, the attenuation of virally induced up-regulated OB TLR7 mRNA with immunization might have altered viral pathogenicity including viral invasion into the lung, lung cytokines, and thus the APR. Thus, immunization-induced inhibition of OB TLR7 would attenuate the recognition of the ssRNA influenza RNA and thereby limit the production of down-stream events such as IL1β and IFNγ production. In addition, TLR7 influences the production of influenza-specific antibodies [30] . Further, after influenza vaccination, TLR7-/-mice fail to gain protective immunization [31] . Finally, the immunization alteration of OB TLR7, IFNγ and IL1β mRNA levels 24 h after viral challenge is consistent with the prior demonstration that TLR7 agonists induce local production of pro-inflammatory cytokines such as TNFα and IL1β within brain [32] .
The IFN-inducible genes OAS-1a and Mx1 have antiviral functions [33] , and the Mx1 gene antiviral activity is specific for orthomyxoviruses, including influenza [27, 34] . However, immunization did not alter viral-induced OB expression of these genes compared to positive controls despite the large up-regulation of OB IFNγ mRNA suggesting that the OAS-1a and Mx-1 genes in the OB are not involved in the induction of the APR.
In the lung, immunization attenuated enhanced IL1β and OAS-1a mRNAs 24 h after infectious challenge and these effects may have contributed to the immunizationassociated attenuated APR. By 6 days after viral challenge, lung IFNγ, IL1β, and TNFα mRNA levels are elevated in the positive controls relative to the immunized mice. Further, systemic injection of IFNγ, IL1β, or TNFα induce several facets of the APR, including reduced locomotor activity, body temperature changes, and enhanced brain cytokine levels suggesting that these, and perhaps other pro-inflammatory cytokines of lung origin, maintain the influenza-induced APR [35] [36] [37] .
Another notable finding reported herein is the very large up-regulation of HT GHRHR mRNA 24 h after influenza challenge in immunized mice. It seems likely that GHRHR plays some type of protective role since mice that lack functional GHRHR, lit/lit mice, have higher morbidity and mortality rates upon influenza challenge [38] . An independent study, using quantitative genetic analysis, also implicated GHRHR as playing a role in the influenza-induced APR [3] . GHRHR is expressed in both the HT and pituitary; since growth hormone does not rescue the lit/lit mice from influenza challenge, we hypothesized that HT GHRHR is involved in host responses to influenza. The differences between positive controls and immunized mice is not likely due to the presence of virus because Alt et al. [38] showed that 24 h after influenza challenge, using a higher dose than that used in the present study, there were no replicating viruses in the brain, and lung viral titers were similar in wild-type and lit/lit mice. Naïve wild-type mice, but not lit/lit mice, have enhanced HT IL1β, TNFα, and GHRHR mRNA levels 38 h after influenza challenge confirming the HT involvement of these substances as part of the molecular APR [39] . The GHRHR is up-regulated by IL1β [40] , but HT IL1β mRNA was increased in both positive control mice and immunized mice, thus, this does not seem to be the cause of increased GHRHR mRNA observed only in immunized mice. The actions of IL1β on either pituitary release of growth hormone or on sleep are blocked by anti-GHRH antibodies suggesting that GHRH and its receptor are down-stream from IL1β [41] ; whether this sequence of events is also involved in immunization and occurs in the HT remains unknown. Regardless of such speculation, current results suggest that HT GHRHR may play a fundamental role in the protection provided by immunization.
Immunization inhibits viral replication and the APR and is mediated, in part, by antibody-specific B cells and attenuated pro-inflammatory cytokine responses [42] . Activation of antibody-secreting cells in the lungs, particularly of memory B cells secreting large amounts of IgG and IgA antibodies specific to the particular strain of influenza virus, plays a significant role in reducing viral titers in subsequent infections [43] . Our results demonstrate that immunization attenuated the influenza-induced APR, reduced mortality, enhanced PR8-specific antibodies, and attenuated lung pro-inflammatory cytokines are consistent with prior findings [3, 14, 44] . The occurrence of PR8-specific antibodies in immunized mice and the lack of APR after the influenza immune challenge with the same virus indicate that these aspects of adaptive immunity can modulate innate immune functions regulating the APR.
The present study of influenza immunization using intranasally administered live virus is relevant to intranasally administrated human vaccines. The recently approved seasonal LAIV FluMist ® (MedImmune, Inc., Gaithersburg, Md., USA) provided protection against pandemic 2009 H1N1 and secondary bacterial infections primarily through CD4+ T cells [24] . Further, mice intranasally immunized with various LAIV preparations have reduced lung viral titers that are dependent on viral replication efficiency associated with the local induction of cytokines [45] . That a close proximity between the intranasal inoculation site and the exposed OB neuron projections exists in the nasal cavity is a concern because of the ready access of the virus to the brain [46] . In humans, intranasal administration of the virus may be associated with viral localization to the OB as occurs in mice (this study). Conversely, the effectiveness of LAIV may be dependent upon OB molecular events induced by the intranasal application of virus.
In conclusion, we show that intranasal immunization does not prevent viral invasion into the OB, but attenuates production of viral plus RNA and the viral up-regulated IFNγ mRNA that occurs within 24 h of challenge. Further, immunization is associated with enhanced HT IFNγ, TNFα, and GHRHR mRNAs and the attenuation of facets of the APR regulated by the brain.
